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IV. — A Gemral Belation of Electromotive Force to EquivaUnt 
Volume and Molecular Velocity of Substancei. 



Br Db. G. Gore, F.R.8. 
[Bead before tbs Sooietr. Pebinu)' ITlb, 1693.] 

f'T/"// 

In a research on " The Relations of Volta-Electromotiye Force 
to Latent Heat, &a., of Eleotrolj^s" (Phil. Mag., Angusi, 

1891, p. 165), I have ^own that in 18 oat of 19 cases of 
dilution of electrolytes with water, on measuring the electro- 
motive force excited by immersing a simple voltaic conple 
separately in the water, and in the undiluted and diluted 
electrolytes, an excess or gain of that force was produced by 
the diluted liquid above that of the mean amount as calculated 
from the separate amounts excited by the water and the 
undiluted liquid, and that the gain was usually greatest with 
acids, less with neutral salts, and least with alkalies ; and in a 
subsequent research on " A Method of Measuring Loss of 
Energy Due to Chemical Union, &c." (Phil. Mag., January, 

1892, p. 28), I have further shown by a similar method that 
when the ingredients of two electrolytes mix together with 
strong obemical union, a lots of tnean amount of electromotive 
force occurs, and that when they mix without any degree of 
such union, as in oases of pure dilution by means of water, a 
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gain of Buch force nearly always takes place. The same kind of 
general effect was obtained if the kind of positive metal of the 
voltaic couple vaa varied. 

In the present research I have specially investigated the 
inflnence of dilution, and have ascertained the effects upon 
the mean amount of electromotive force of the voltaic couple : 
first, of simple dilutiou of the electrolyte with water ; second, 
of liquefaction of the positive metal by mercury to form an 
amalgam \ third, of dilution of the amalgam by additional 
mercury ; and from the results obtained I have been led to infer 
an explanation of the origin of the current. As the two most 
important substances in producing the current are the positive 
metal and the negative constituent of the electrolyte, the 
investigation was chiefly confined to them ; additional experi- 
ments were, however, made to ascertain the influence of lique- 
faction and dilation of the negative metal, of dilution of one 
solid metal by means of another, and of other circumstances, 
upon the vxean amount of electromotive force of the couple. 

The method of examination and measurement employed 
in the case of electrolytes has already been fully described 
{ibid.), and is briefly as follows : — Measure the electro- 
motive force of a simple zinc platinnm voltaic couple, first in 
water alone ; second, in a suitably dilute solution of the 
electrolytic substance ; and third, in the mixture of the two. 
Multiply the electromotive force of the couple in water by the 
weight of the water, and that of the undiluted aqueous solution 
by the weight of the solution ; add the two products together 
and divide the sum by the total weights of the two liquids, in 
order to obtain the calculated mean amount of electromotive 
force of the couple in the mixture. Subtract this amount from 
that obtained by experiment with the mixture (or the reverse, 
as the case may be), and the difference is the amount of gain (or 
loss) of mean amount of electromotive force of the two mixed 
substances attending the dilution. The method adopted of 
measuring the electromotive force was that of opposition and 
balance of the current from the voltaic couple by one from a 
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thermoelectric pile of about 800 pairs of iron and German silver 
wires (see Proo. Birm. Phil. Soc, vol. iv., p. 180; Electrician, 
vol. sil, p. Hi), with a enitbble galvanometer in the circuit. 
A similar method was employed to ascertain the change of 
mean amount of electromotive force eaased by liquefaction of 
the positive metal in mercury, i.e. : first, the electromotive force 
of the solid metal with platinum in the given electrolyte was 
measured ; second, that of mercury with platinum was then 
found,and the mean amount of the two quantities calculated ; and 
third, that of the amalgam with platinum waa also measured. 
The method of ascertaining the effect of dihition of the positive 
metal amalgam was similar. In determining the effects of 
liquefaction and dilution of the negative metal by means of 
mercury the same method was used, a constant positive plate of 
zinc being employed. The same method which enables ns to 
measure the olianges of mean amount of electromotive force, 
necessarily also enables us to examine, and in some degree to 
measure, the accompanying losses and ^ains of chemical energy ; 
of freedom of molecular motion, ic, of electrolytes, metals, 
and amalgams ; the degree of " dissociation " of electrolytes, &c. 
Nearly all the substances employed were of a high degree 
of purity, and all the electrolytic ones were taken in the 
proportions of their chemical equivalent weights. Neatly 
all the solutions, whatever their diluent, formed chemically 
equivalent volumes. In consequence of the strong voltaic 
action of the halogens with the positive metal, the degree ' 
of strength of iheir solutions (except that of bromine in Experi- 
ment 4) was 1 equivalent weiglit in grains in 628.SS0 gi'ains of 
water, whilst that of all the acids, salts, and alkalies was 1 such 
equivalent in 1,800 grains of water. The total volume of 
liquid used in each experiment with the halogens was 10*0 
cubic oentims., but with the acids, salts, and alkalies it waa 6*0 
c.c. ; the volume of water used for dilution was in all cases four 
times that of the dissolved electrolyte. Distilled water waa 
employed in making and diluting all the aolmions. All the 
measurements of electromotive force were made at ordinary 
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aimoBpherlc temperatures ; the latter are omitted for the sake of 
brevity. In every instance with electrolytes, each electromotive 
force represents a difference between the mean electromotive 
force of the metal and liquid at the positive plate, and a similar 
counter one at the negative plate of the voltaio couple ; the 
negative plate being in nearly all cases composed of platinum, 
this opposing force was usually small. Alt cases in which the 
electromotive force was very variable arc mentioned ; the least 
uniform results occurred with solution of potassium cyanide and 
with caustic potash ; the results obtained with an amalgam of 
magnesium were usually inaccurate, and the amalgam, by very 
brief exposure to the air, acquired a film of black suboxide 
of magnesium. As water excites an electromotive force with 
each voltaic couple, ita influence has to be coQEidered and taken 
into account in every case of its addition to the electrolyte. In 
all cases of such addition, not only is the more active substance 
diluted by the water, but also the water by that substance ; the 
proportion of the latter substance to water being however vei7 
small, its in fin en oe as a diluent is equally small and has 
uot been considered. Care was taken to employ diluents which 
did not chemically combine wiih the substance to be diluted, 
any exceptions to this are mentioned. 

The results will be more clearly understood if we carefully 
distiuguish between several phenomena, viz. : — First, the pro- 
duction of a direct electromotive force at the positive plate, 
increasing the current ; second, of that of an inverse electro- 
motive force at the negative plate, decreasing or in some 
cases reversing the current ; and third, the loss of mean 
electromotive force when chemical union has occurred between 
the constituents of the liquid, or between the two metals of an 
alloy when used as a positive plate. 

The research is divided into six sections, viz. : — A, Influ- 
ence of Dilution of the Electrolyte, using different halogens, 
acids, salts, and alkalies, and showing the rate of variation of 
mean amount of electromotive force caused by the dilution ; and 
the influence of chemical union and substitution, of varying 
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the kind of negative metal, of the kind of solvent, and of 
temperatare, upon the amoant of effect of dilution. B, Infln- 
enae of Dilution of the Electrolyte, using different posicive 
metals, negative metals, and electrolytes ; effeote of dilncion 
at one metal only upon the actual and mean amonnt of electro- 
motive force, and the influence of viscosity of the electrolyte 
apon the effects of dilution. 0, Influence of Liquefaction of 
the Positive Metal by means of meroury, using different 
positive metals, negative ones, apd electrolytes. B, Influence 
of Dilution of the Positive Amalgam, using di£fetent amalgams, 
electrolytes, and negative metals, and showing the rate of 
variation of mean amount of electromotive force caused by the 
dilution. E, Influence of Liquebctlon of the Negative Metal 
and of dilution of its auialgams; and, F, Influence of Diluting 
one Solid Metal by means of another ; relation of volta- 
electromotive force to equivalent volumes of elementary sub- 
stances, &c., &o. 

The following tables of Section A show the actual and 
calculated amounts of electromotive force, and the simple and 
percentage amounts of variation of mean electromotive force 
&oni the calculated one, as caused by the dilution. 
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When water ia added to au aqueous solution of a halogen, 
the greater electronegative energy of the latter is diluted by 
the less electronegative energy of the former, and this tends 
to reduce the amount of electromotive force excited by the 
mixture and the positive metal; but, at the same time, the 
degree of freedom of the molecules of the far more energetic 
halogen is increased by the molecules being diffused in a 
larger bulk of the comparatively neutral water, and as the 
weight of water is vastly greater than that of the chlorine, the 
influence of the second circumstance more than counterbalances 
that of the first one. In this kind of case, at 16° centigrade, 
and in the absence of light, very little chemical union of the 
halogen with the elements of the water occurs to diminish 
the freedom of motion of its molecules ; if, however, in the 
case of chlorine, the mixture is exposed to light, and especially 
if it is heated, the energy of union of the chlorine with the 
positive metal and the increase of mean amount of electromotive 
force by dilution are greatly diminished. In nearly all cases 
where chemical union oocuts between the ingredients of the 
two liquids which are added together, the amount of electro- 
motive force and of gain of mean amouut of that force are 
diminished. (See Phil. Mag., ibid.) 

In the next two experiments a solution of bromine was 
used of nearly 800 times the above strength and of the same 
degree of concentration as that of the acids, salts, and alkalies 
subsequently employed, in order to ascertain the degree of 
effect of a very strong solution in relation to that of a weak 
one, and to subsequently compare the effects with those 
obtained with the corresponding halogen acids, and their salts 
of the same degree of concentration. It must be observed that 
two different positive metals were used. 



fbyCoOglc 



PMlMophietd Societt) of Birmmghan 



1 ? 

II 

i i 
1 1 
t 

o 


s 

a 


Mean 
B.M.F. 

1-S026 


1 


s + 


S2^ 
+ 
S 

1? 
« + 


It - 


- 



2 ^ * 

3 ■= S 
S * :3 

. S 2 S 

2 3 S g 
XI o a Sg 
" S ^ 

11:1 

'« o a ai 

§ 3 i a 

'^ a 5* ■« 

■g. 8.a ° 

1 1 i I 
1 ! s i 



^ 1 1 -g 

>> E* » SP 

I ll 
lit! 



Z..I:, Google 



Dr. Qoax on Electromotive Force. 



71 



In order to ascertain the effect of a aeries of equal dilutiona, 
a solution of clibriue was diluted b; the addition of nineteen 
sncceBsive and equal quantities of water, and the electromotive 
force measured by means of a zino and platinum couple, and its 
mean amount calculated after each addition. The initial 
solution was sligbtly weaker than that used in Experiment 1 and 
contained 1 equivalent weight of chlorine in grains in 650,260 
grains of water, or -01 grain in 165 grains of water; the 
electromotive force of that solution was used as the basis 
of calculation thronghout the series. The following are the 
results: — 

Bate of Variation of Mean Amount of Electromotive Force by 
Dilution of the Electrolyte. 



EasperimeM 6. Table 8. — Chlonne WaUr. With Zn+Pt. 


GrAiDS of 


B.M.F. Cftl 


alated Chauge 


DlMeaQE.M.F. 


01. 


of Mixture. Mean 


E.F.M. 


Par cant. 




0100 


1-986 








0095 


1-880 1 


8986 aiiin 


0864= 4-66 




0090 




8861 


1249= 6-78 




0086 


1-996 1 


8140 


1810= 9-97 




0080 




7736 


2216=12-46 




0076 


1-980 1 


7856 


2445=14 09 




0070 


1-90O 1 


6921 


2079=12-28 




0066 


1-890 1 


6669 


2841 = 14-18 




0060 


1-866 1 


6124 


2526=15-68 




0066 




6768 


2892=18-36 




0060 


1-840 1 


6810 


3090=20-19 




0046 




4910 


8490=23-42 




0040 


1-827 1 


4506 


3764=26-96 




0086 


1-888 1 


4108 


4277=30-38 




0080 


1-808 1 


8697 


4888-8199 




0026 


1-780 1 


8290 


4510=8898 




0020 


1-776 1 


2886 


4864=37 76 




0016 


1-778 1 


2483 


5297 = 4244 


•0010 


1-776 1 


2078 


6672-46-99 
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According to these results, each dihitton except the sixth 
produced an increase of mean amount of e lee tromo live force ; 
the proportion of gain by the first dilution and the last one 
was in each case 455 per cent., but the magnitudes of the other 
increases were somewhat variable. The line which graphically 
represents the calculated mean amounts of electromotive force 
is necessarily a straight one, because all the additions of water 
were equal ; and the one which represents the percentage series 
of gains, although irregular in form, intersects a straight one in 
several places throughout, as if the amount of effect of each 
dilation was substantially the same, but was affected by small 
iiregularities in the experimental measurements or by other 
causes. Whilst the simple and calculated electromotive forces 
decreased throughout the series, the gain of mean electromotive 
force increased. 

The entire amount of water added in the nineteen dilutions 
influenced the results in two ways, viz. : — First, the water, by 
being a weaker liquid, decreased the mtan electromotive force 
■22 volt; and second, by permitting greater freedom of motion 
of the molecules of chlorine, it increased the simple electro- 
motive force -686 volt, thus leaving a balance of increase of 
mean electromotive force amounting to -466 volt or 4699 per 
cent. 

As the mean amounts of electromotive force and the form 
of curve yielded by diluting the electrolyte are liable to be 
affected by any chemical action upon the negative metal, a series 
of similar measurements were now made with the same voltaic 
couple, but employing dilute hydrochloric acid instead of 
chlorine water. 
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Experiment 7. Table 4. — Solution of HCl. 



ataioB of 


E.M.F. 


Cftlcnlated Chat 


geof Mean E.M.F. 


HCl. 


or Miitnre. 


Mean E.M.F. 


Per 08 nt. 


■01 


1^355 








0095 




1-8444 Gb 


in -0106= -79 




009 


1-342 


18824 


-0096= -72 




0085 




1-8208 


■0212= 1-60 




008 


1^S45 


1-8097 


-0868= 2-69 




0076 


1'840 


1^2980 


■042 = 8-23 




007 




1-2867 


-0638= 4-14 




0065 




1-2760 


-0640= 5-01 




006 


1-328 


1-2645 


■0635= 5-02 




0055 


rS08 


1^2530 


■0435= 8-47 




005 


,1-295 


1-2410 


■054 = 4-35 




0045 




1-2280 


■067 = 5-45 




004 




1-2178 


-0772= 6-32 




0035 




1-2070 


-088 = 7'29 




003 


1-295 


11950 


■100 = 8'S6 




0025 


1-290 


11842 


■106 = 8^96 




002 




1-1725 


, ■1172 = 100 




0015 


1-275 


1-1600 


■1150= 9-91 


■001 




1-1498 


, -1260 = 10-86 



The general form of the curve representing these per- 
centftgea numberB is not widely different from that yielded by 
cljorine water ; ihe total change waa, however, only 1086 
instead of 46^99 per cent, as in the previous table, in con- 
eequence of the energy of the chlorine being reduced by 
its union with hydrogen. The irregnliu-ities in the forms of 
the curves yielded by chlorine and hydrochloric acid did not 
appear to be entirely due to slight variations in the manipula- 
tion, hut partly to the properties of those substances. 

As in these two series of dilutions the mean amount of 
electromotive force increased substantially, though irregularly, 
at the same rate as the dilution, the water added did not 
chemically unite with the dissolved substances. 

In nearly all the following experiments of this section the 
voltaic couple was composed of cadmium and plaiinum ; any 
exceptions to this are indicated. 
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With this BerieB of sabstancea also, eaoh gave an increase 
of mean electromotive force by dilution. The entire aeries gave 
an average percentaga gaiu of only one 2-5th part of that given 
by the group of acid salts, and one 2-9th part of that given by 
the series of acids, thus showing that the effects of dilntiou 
usually diminished with the simple electromotive force and with 
the energy of chemical action of the liquid upon the positive 
metal. The halogen salts of caesium, rubidium, and calcium 
gave the least electromotive force and the smallest percentage of 
gain, probably because the halogens were strongly chemically 
united to the alkalies, and, therefore, had less action upon the 
cadmium positive metal. 

With regard to any numerical relation of such gain to the 
equivalent weights of the salts and of their metallic bases, 
with the magnesium group, the percentage of gain varied 
inversely as those weights ; with the barium group it varied 
directly ; with the group composed of potassium, sodium, and 
lithium, aud with the one formed of rubidium and caesium 
it also varied directly. The proportion of gaiu was evidently 
related in a general way to those weights, and in each group it 
was largest with the most energetic and most electropositive 
metal. The relation of the proportion of gain to the equivalent 
weight of the electronegative constituent of the salt was 
similarly examined, and is shown by the numbers in the 
following table: — 
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metal ; by employing one whiob waa lees acted upon by 
alkalies, viz., silver iuBtead of platinum, nearly all the 
" losses " whiob occurred with alkaline Halts and the alkalies 
were converted into "gains" and the remaining ones were 
greatly rednoed in magnitude ; and third, the electronegative 
oonstitaent of tbe electrolyte had far greater influence than tbe 
electropositive one upon the amount of change of electromotive 
force produced by dilution. A different kind of solvent or a 
higher temperature of the electrolyte bad no great effect on 
tbe particular cases examined. 

The whole of the resnltg of the experiments in this 
section agree with the conclusion that, dibaion of <m eUctrolyU 
increased the electromotive force and chemical energy of the substance 
diluted, and that this increase teas due to greater freedom of motion 
of the molecules of the diluted substance. First, tbe results given 
in Tables 8 and 4 show that the gain of mean amount of electro- 
motive force varied directly and substantially, though irregularly, at 
the saine rate as the dilution, and as the molecular diatanoe of 
the electronegative ingredient of the electrolyte ; second, by 
diluting tbe electrolyte o£ a simple voltaic cell with water the 
mean amount of electromotive Sovce and chemical action of the 
active dissolved sabstance both at tbe positive and negative 
plates was increased, and this increase was due to increase of 
molecular energy of the substance which unites with tbe 
metals and not of that of tbe water ; third, if by diluting tbe 
electrolyte the energy of action increased faster at tbe positive 
plate than at the negative one, there was a " gain " of mean 
amoont of electromotive force of tbe resulting cnrrent, but if it 
increased faster at the negative plate there was a " loss ; " and 
fourth, tbe amonnt of variation of mean electromotive force of 
tbe current was determined, not by tbe change of electromotive 
force at tbe positive plate or tbe negative one alone, but by tbe 
difference of tbe two. 
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In these experiments, by diluting the electrolyte at the 
positive plate only, the simple electromotive force was dimin- 
ished in seven eases, unaltered in one, and increased in one. 
By dilating it at the negative plate only, the simple electro- 
motive force was increased in three cases, and unaffected in six. 
And in eight out of the nine instances, the simple electro- 
motive force was larger, and in no case smaller, with the 
positive metal than with the negative one in the undiluted 
solution. These results show that the effect of dilation in 
diminishing the simple electromotive force was greater at the 
positive plate than at the negative one ; this was probably due 
to the greater energy of action at the former than at the 
latter. The dilution probably also affects the amount of simple 
electromotive force to a small extent by altering the degree of 
electric conduction resistance of the liquid. In all the cases 
the simple electromotive force was less with both metals in the 
weak solution than in the strong one. 



fbyCoOglc 



92 PhUotophical Society of Birmmgkam. 

Second. — Upon the Mean Amount of Electromotive Force 
of the Couple. 

Some experimentB vers now made to ascertain the amount 
of difference of effect of dilation upon the mean amount of 
electromotive force at the positive plate in comparison with 
that at the negative one. The experiments were made in 
pairs ; in the first of each pair the electrolyte was dilnted at 
the positive plate only, and in the second at the negative one 
only, the other plate in each experiment being in water, and 
the two liquids separated by a partition of clean parchment 
paper asm the previous series. In making the first experiment 
of each pair, the electromotive force of the two metals was 
measured: — First, with both the metals immersed in water; 
second, with the positive one in the undiluted solution of the 
halogen, acid, or salt, and the negative one in water ; and third, 
with the poeitive one in the diluted solution, and the negative 
one in water. And in the second experiment of the pair, 
similar measurements were made with the negative metal in 
the solution of halogen, or acid, &c., and the positive one in 
water. In these experiments the electromotive force of the 
metal which was in water alone was disregarded; because the 
only change which was made during the measurements was in 
the other liquid. The following tables show the results : — 
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The results in these tables indicate that ditution increased 
the mtart amount of eUctromotive force in each etue by removing 
farther amnder, and increasing the freedom of motion of the moleeulea 
of the active dissolved substance, and that this effect occurred at each 
plate, and w>as the same in kind at the negative as at the positive one, 
but less in degree at the former than at the latter. They also show 
that when the freedom of motion of the molecules of the active 
dissolved subatauce is increased at the positive plate only, there 
is a " gain " of mean electromotive force of the conple, but if at 
the negative one on ly. there is usually a "loss;" apparent 
slight exceptions occur in Nos. 121, 181, and 186. 
Influence of Viicotity of the Electrolyte. 

In order to examine the inflaence of viscosity upon the 
rate of increase of mean amount of electromotive force by 
dilution, a nine-tenths saturated solution of a salt having a high 
degree of viscosity was made by dissolving 60 grains of hydrated 
sulphate of beryllium in 5'0 cubic centimetres of water, the 
total volume and weight then being 7'0 cubic centimetres and 
137'6 grains. 

A series of diluted solutions were made by abstracting 
successive amounts of the strong solution and replacing them by 
water so as to produce equal increases of dilution. The total 
volume of solution used for each measurement of electromotive 
force was 7'0 c.C. The measaremeuts were made with a zinc 
platinum couple in a similar manner to those of Tables 8 and 4, 
and the electromotive iorce of the most concentrated solution 
was the basis of calculation. The following are the results: — 
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Table 84. — Solution of Sulphate of Berylliu 



No.o( 


G tains of 


Aotaal 


CaloHlated 


CbftngQ ol 


Expt. 






Ueui£:.M.F. 




m. 


35-6 




2986 








S2-6 




2986 


1'2843 


Gain -0143 = M 




29-6 




a9HH 


1-2700 


„ -0288 = 2-24 




266 




8014 


1-2571 


„ -0443 = 8-51 




2S'6 




3014 


1-2426 


„ 0588 = 4-74 




20-7 




H014 


1'2271 


., 0743 = 6-05 




17-7 




H0 14 


1-2128 


„ -0886 = 7-82 




U>8 




3014 


1-1985 


„ -1029 = 8-68 




11-8 




2H57 


1-1744 


„ 1218 = 10-88 




7-88 




mM 


11700 


„ 1200 = 10-26 




5-9 


1-2848 


1-1556 


„ -1287 = 11-14 



By comparing these percentage numbers and the curve 
representing them with those of Tables 8 and 4 obtained with 
dilute solutions of chlorine and hydrochloric acid, it will be 
found that the rate of increase of gain of mean electromotive 
force by dilution was at a more rapid rate with the more visoonB 
solution, as if the quicker diminution of viscosity increased the 
rate. In this case, aa in the others, the increase of mean 
electromotive force varied directly as the dilution. 

Some additional measurements were made with a ziao 
platinum couple, and a solution of potassium chloride before 
and after dieaolving in it some ordinary gam arabic ; the resalta 
areas follows: — 

Table 8S. 



No. of 
Eipt. 



QraiuB. Oiaios. Oralna. 
74-5 KCl + 1800 H'O 

74-5 KCl + 1800 H'O + 108 Gum 

74'6 KCl + 1620 H'O + 108 Gum 



E.M.F. 
1-2271 volt. 
l-a271 volt. 
1-2271 volt. 



In these experiments viscosity had no apparent effect. 

Beharkb on Seotioh B. 
The nambers in Tables 16 to 28 show that the rates of 
change, i.e., of increase or decrease oiviean electromotive force, 
with different metals, by dilution of the same electrolyte, were 
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very different, and that the iaorease was often less or the 
decrease greater with electropositive metals giving large eleotro- 
motive forces than wiih those giving smaller ones In several 
casea, for instance, iron in ECy, thallium, sodium, or nickel. 
&G., in EHO, the simple electromotive force was smaller in the 
solation than in water alone, and occasioned "losses " of mean 
electromotive force. 

Bbuakkb on Sbotionb A and B. 

The results contained in these sections show that, sotwith- 
Btanding the larger amount of water than of undiluted 
solution, and the smaller electromotive force excited by the 
former than by the latter, in no less than 22 ont of 104 cases 
dilation failed to reduce the nmp}e electromotive force of the 
solution, and in 17 ont of those 22 the electromotive force was 
even greater after the dilution than previous to it. With 
solutions of halogens, acids, acid salts, and nentral ones, the 
simple electromotive force was nearly always decreased by 
dilution, bnt with alkaline ones (see Table 10) it was frequently 
increased unless a silver negative plate was substituted for the 
platinum one (see Table 11) and the action at the negative 
plate thus rednced. They also show that in nearly all cases, 
the changes of amount of siin})le electromotive force as found 
by experiment were different from those of viean electromotive 
force of the water and the undiluted solution ; and that the 
mean electromotive forces were greater than those arrived at 
by calculation. 

The result), further ehow that an increase of freedom of 
motion of the molecules of the dissolved substance by means 
of dilution, without any such increase of freedom of those of 
either of the meials, is alone sufficient to increase the mean 
electromotive force at ea^ih of the metals, and consequently 
also the energy of chemical union of the electronegative 
dissolved substance with each of them. . This is not unlike the 
circumstance that, in the case of mechanical impact of any two 
subsiances, the violence of collision and the amount of heat 
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evolved by it, are augmented by increasing the momentam of 
one only of the anbBtances, and strongly supports the view 
that voltaic eleotromotiTe force and chemical union are 
consequences of molecular collision of the two chemically 
noiting substances. The increase of energy of the dissolved 
substance by dilution precedes that of mean electromotive force 
and of chemical union, and is a phenomenon entirely distinct 
from them; whether it increases the amount of heat of such 
union is a. question I have not experimentally examined. 

As dilation of the dissolved substance increases the nuan 
amount of electromotive force at each metal, whilst it dimin- 
ishes the nnmber of molecules of that substance in contact 
with the metal ; and aa dilution cannot add to the mass or 
weight of a molecule, it probably produces an increase of 
molecular velocity, and this greater velocity more than counter- 
balances the loss of energy due to the smaller number and 
mass of colliding molecules. This largely agrees with the 
circumstance that "moat salts, hydrated or anhydrous, dissolve 
in water with absorption of heat," and " those which absorb 
heat on solution, do also on dilution " (Watts's Dictionary of 
Chemistry, 8rd Buppt., p. 990). 

The whole of the resnlts in the two sections show that the 
amount of change of mean electromotive force of the voltaic 
couple by dilation varied largely with the Icind of positive 
metal, of negative metal, and of electrolyte. And the experi- 
ments on " the iufluence of dilution at one metal only " prove 
that the direction and amount of mean electromotive force of 
the current is a result, not only of the action of the negative 
constituent of the liquid and the positive metal, but also of 
that of the same substance and the negative metal ; that the 
latter action is the weakest^ that the two actions are opposite 
and tend to neutralise each other, and that the final electro- 
motive force is the difference of the two. It is, therefore, 
largely a deficiency of electropositive energy, which fits a 
conducting substance to act as the negative plate of a voltaic 
couple. 
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Neither a change of the kind of solvent nor a rise of 
temperature of the electrolyte prevented or appeared to 
dimiatsh the gain of mean amonnt of electromotive force on 
dilution. (See Tables 14 and 16.) The inflaenoe of viscosity 
was only partly examined. The low positions of amalgams of 
potassinm and sodium in Tables 16-20 and 21 were probably 
due to loss of molecular motion by some degree of chemioal 
anion between those metals and the mercury. 

Sbotion C. 

Influence of Liqiufactif/n of the Positive Metal with Different 

MetaU and Electrolytes. 

It is well known that amalgamation of zino is attended by 
a slight increase of the electropositive condition of the zino in 
dilute aoids, notwithstanding that mercury is strongly negative 
to zinc in such liquids, and might, therefore, be expected to 
largely reduce the electromotive force. In the present section 
of this research I have examined this phenomenon and have 
ascertained the effects which amalgamation of different positive 
metals has upon their electromotive force. 

In all the experiments of this section, and in the anb- 
seqnent ones of dilution of the amalgams formed by addition of 
more mercury, the electrolyte was composed either of distilled 
water alone, or of one equivalent weight of the electrolytic 
substance in grains dissolved in 1,800 grains of water. In 
those of liquefaction, and in those of dilution, the kind of 
negative metal used in all cases except those of Tables 40 and 
45 was platinum. The proportions of metal and ,mercnry 
used in each liquefaction experiment were, an equivalent , 
weight in grains of the positive metal, made np to 6,600 
grains by addition of mercury to form a liquid amalgam ; the 
actual amount of amalgam used, however, in each case was 100 
grains. The amalgam was contained in a small glass cup at 
the end of a bent glass tube. (See Fig. 2). 
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The electromotive force of mercar; with platinum in the 
given eleoti'olyte was first measured, then that of the solid 
positive metal with platinum, and the mean amonut of the two 
quantities calculated ; the amalgam was next formed, and ita 
electromotive force with platinum in the electrolyte measured, 
and the difference between it and the calculated amount ascer- 
teined. (In Tables 40 and 45 silver was used in place of plati- 
num.) Inconsequence of the smallness of the proportion of 
the positive metal dissolved in the mercury, and the quickness of 
solution of the superficial layer of its particles before the 
measurements could be made, the amonnts of electromotive 
force, especially in the dilation experiments with alkali metal 
amalgams were lessened ; the measurements, therefore, were in 
all cases made as quickly as possible after preparing the 
amalgams, and the latter were not disturbed during the 
measurements, because it altered the electromotive force. The 
dry amalgam of magnesium quickly formed the black suboxide 
of that metal. Several kinds of electrolytes, acid, neutral, and 
alkahne, were employed. The following tables show the 
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M. J. Regn&alt observed, and the above nnmbers confirm 
his observation, that whilst zinc, during its amalgamation by 
mercury becomes more electroposiiive in dilute acids, cadmium 
by amalgamation becomes less electropositive ; and he ascribes 
this difEereuce to the fact that heat is absorbed during amalga- 
mation in the former case and evolved in the latter one. 
(Oomptea Bendna Acad. Sci., June 10, 1676. Chemical News, 
vol. sxzviii, p. 88,) But the above numbers further show that 
notwithstanding the adverse changes of thermal energy, the 
mean amount of electromotive force of cadmium in dilute 
hydrochloric acid was simultaneously increased 8212 per cent, 
thus proving that the influence of the thermal change upon 
that force was Bmall in comparison with that of increased 
freedom of molecular motion due to liquefaction. 



fbyCoOglc 



Db. Qorb ok Eleetromotwi Force. 







01<JHOOSCC^O>03SS 




I 


iiisisl*^'" 




|ii 


H II II II tl II II II II II 




H 


4099 
0608 
6583 
5575 
5118 
5317 
1748 
1726 
0904 
0141 




■s 
& 


l'- '■■-■■■ ■■■■■■I 








a 




iiimtMi 


■& 




5844 
2386 
8879 
7851 
6921 
7264 
8489 
8460 
26? 1 
1573 


s 


rtrt 


^ 


^ 


lO -*■ 1(5 


1 


■|n" 
o 


^ilsiiiili 


^ 




++++++++++ 




5701 
2271 
9787 
7494 
6978 
8008 
3718 
4290 
3718 
1678 




M -H 




. 


Owo9iooo>o«o 




O 






ll *fif a-B pj3_..„^ B 3 




1* 






SllslslssS 



n li II II II II II II II II 



Ol m 05 O lO t- W 



oooooooooo 









++++++++4 



2*J-}iosa5cpiptf5eprHO 



[>OOiOOO!OOioO 
OrtiootsOTpt-o; 



i!,Googlc 



Philoiophieal 8oci«tj/ of Birmingham, 



S OS 6i OS -Jf t-i 






Ch <D » O CC CO OJ 00 OS c 



g" «> 115 W U5 lO S "5 ■* OS 

+++++++++ 



Sf 
2 -S 



II" 



N (B d 00 O -fl pa Ph &H 






I 



D.nt.zedbyGoOglc 



Dr. Oobe on Electromotive Force 106 

Remarks on Skotion 0. 

NotiwUfaHt&Dding the very large proportion of mercury to 
that of the diseolved metal, and the uBDally very mach greater 
electronegative character of the mercury, in no lees than forty- 
eight cases ont of forty-nine, hque&ction of the positive metal 
was attended by an increase of mean amount of electromotive 
force ; and in twelve out of the forty-eight cases (four of these 
being with zinc) the simple electromotive force was even greater 
after the liquefaction than previous to it. The exceptional case 
was gold in solution of ECl. (See Experiment 170.) 

The whole of the iustancea of this section show that 
liquefaction of the positive metal of a voltaic couple by means of 
mercury, increased it» electromotive force, and indicate that this 
increase kos due to greater freedom of motion of the molecules of 
the liquefied metal. 

The results also indicate that an increase of freedom of 
motion of the molecules of the positive metal by means of 
eolation in mercnry, withont any such increase of freedom of 
those of the electrolyte, is alone sufficient to increase the mean 
electromotive force and energy of chemical anion of that metal 
with the electronegative ingredient of the electrolyte. This 
appears similar to the effects of mechanical collision of two 
solids, and supports the view that volta- electromotive force and 
its attendant energy of chemical union are due to mechanical 
impact of the two uniting substances. (8ee p. 97.) 

The whole of the results of this section further show that 
the amount of change of mean electromotive force varied with 
the kind of positive metal, of negative metal, and of the 
electrolyte. How far the decreases of simple electromotive 
force of the amalgam of magnesium in Tables 86, 87, and 89 
were due to chemical union of the two metals, I have not 
examined ; it did not occur in a solution of ECl. 

D. — Influence of Dilution of the Positive Amalgam, with 
different MetaU and Electrolytes, 

It is already known that by diluting an amalgam of zinc by 
addition of more mercury, the electromotive force of the 
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amalgam when immersed in certain electrolytes is not much 
decreased. Hockin and Taylor (Jour, Teleg. Engrs., 1879}, and 
Lindeck (Ann. Phya. und Ciiem., 1889) [2] 85, pp. 811, 881. 
The Eleetrioian, July 5, 1889, p. 214), observed that the 
proportion of zinc contained in a solution of that metal in 
mercury may vary from a mere trace to a very large amount 
without altering the electromotive force of the current excited 
by it in a solution of sulphate of zinc. From this circumatance, 
together with the fact that mercury is electronegative to zinc in 
that liquid, it necessarily follows that the mean amount of 
electromotive force of the amalgam must be increased by 
the addilion of the leas electropositive substance. The calculated 
mean electromotive force of a mixture of 5,600 parts of ziuo 
amalgam having an electromotive force of 1-1618 with platinum 
in water, and 60,400 parts of mercury having an electromotive 
force of -0629, mast necessarily be very much less than 1-1270 
which is the number it actually gave. (See Ezpt. 192.) 
Further, in such a case, if the simple electromotive force of the 
amalgam is diminished by the act of dilution, but at a lesser 
rate than that of the zinc in it is increased by the greater degree 
of freedom of ils molecules, the mean amount of such force of 
the amalgam must still be increased by the dilution. 

In making and using the amalgam in the following experi- 
ments, one equivalent weight in parts of the positive metal 
was dissolved in sufficient mercury to form 5,600 parts by weight, 
and after measuring the electromotive force excited by the 
amalgam, the proportion of mercury was increased about ten 
times, or such as to form a total weight of 66,000 parts of 
amalgam, and the force again measured ; the actnal quantity of 
mercury used, however, was sufiGcient to make 100 grains of 
the concentrated amalgam, and 10 grains of this was mixed 
with 90 grains of pure mercury to form the dilute amalgam. 

The negative metal employed iu each ease, unless other- 
wise specified, was platinum, and the electromotive force of it 
with mercury in water was = 0829 volt. The union of m^- 
nesium with mercury was attended by slight explosive action. 
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BaU of Variatton of Mean Electromotive Force by Dilution of 
the Positive Amalgam. 
In order to ascertain whether the effects of suocesaive 
additions of equal quantities of mercnry upon the percentage 
gain of mean amount of electromotive force were equal, or 
whether that of each succeeding addition was less, I made a 
series of meaaorements with a negative plate of platinum and a 
positive amalgam of cadmium. The following are the results : — 
Table 46.— SoiMtion of -865 grain of HCl in 18 graine of Water. 





Orains 




Calool'a, 




No. of 


Qr«iDa ot 






or Ueaii Per 


Bxpt. 


of Cd. Amnlgain. 


E.M.F. 


C. M. F. E. K 


. F. ooot. 


243. 


66 in 6,600 


9980 








66 „ 10,610 


9901 


■6810 Gain 


3691 = 669 




66 „ 16,680 


9844 


•6017 „ 


4827 - 962 




66 „ 20,720 


9787 


•4368 „ 


6434 = 124-8 




66 „ 26.760 


9701 


•3949 „ 


6762 = 1466 




66 „ 80.800 


9616 


•8677 „ 


6988 = 161 4 




66 „ 86.840 


9629 


•8482 ,, 


6047 = 178S 




66 „ 40,880 


9416 


•8884 „ 


6081 = 182^4 




66 „ 46,920 


9800 


■8220 „ 


6080 = 188-8 




66 „ 60,960 


9167 


•3127 ,. 


6080 = 198^2 




66 „ 66,000 


8986 


■8061 


6986 = 194^6 



According to these results, the gain of percentage mean 
amount of eleciromotive force varied directly ss the degree of 
dilution, the same as occurred by diluting electrolytes with 
water (see Tables 3 and 4) ; but in the present case, whilst the 
dilution was uniform throughont, the electromotive force 
increased at a diminishing rate, slowly at first, the greatest gain 
being with the first dilution, but rapidly at last, and approached 
a limit at the last dilation ; this may be more clearly perceived 
by graphically delineating it by means of a curve representing 
the differences of percentage amount. 

As this diminishing rate of increase was probably dae to a 
comparatively slow supply of cadmium by diSaaion from thn 
Interior of the amalgam to its surface in proportion to the 
speed of solution by the acid, another series of experiments were 
made with a less corrosive solution of potassium chloride and 
zinc amalgam, the negative metal being again platinum. The 
following table contains the results : — 
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Force. Ill 


Table il.— Solution of -745 grain KCl 


in 18 grain$ IPO. 




QruDB 


Calcnrd 




No. of 


OraiDB of 


Mean 


Change ot Mean Par 


Expt. 


ofZino. Amalgam. E.M.F. 


E. M. F. 


E. M. P. OBDt. 


244. 


82-5 in 5,600 1-2885 








325 ., 10.640 1-2365 


-7831 


aain -5064 = 689 




325 „ 15,680 1-2985 


-5626 


„ -6859 = 1240 




82-6 „ 20,720 1-2385 


■4600 


„ -7785 = 169-2 




82-5 ,, 25,760 1-2885 


■4035 


„ -8860 = 206-9 




82-6 ., 80.800 1-2386 


■8666 


,. -8730 = 238-8 




82-5 „ 35,840 12885 


■8882 


„ 9003 = 266-8 




82-6 ,, 40,880 1-2885 


■3177 


„ -9208 = 289-8 




82-6 „ 45.920 1'2886 


■8016 


„ -9369 = 310'2 




82-5 „ 50,960 12886 


■2888 


„ -9497 = 828-6 




32-5 „ 66,000 1-2885 


-2782 


,, -9602 = 845-1 



The curve which represents the differencea of percentage 
amount of mean electromotive foroe in this case more nearly 
approaches a straight line ; as if the supply of positive metal 
was more equal to the rapidity of its solntion than in Table 46. 

Ah in the case of different positive metals amalgamated 
with mercury some would dissolve in the same electrolyte much 
more rapidly than others, and this would affect the magnitude 
of the percent^e gain of mean electromotive force, some 
experiments were made to obtain an approximate idea of the 
rates at which several different electropositive metals diffased 
through mercury and renewed the action at its surface. 

A glass tube of the annexed form (see Fig. 8), and 
open at both ends, was filled with pure mercury from A to B, 
and with the electrolyte from B to G. A much smaller one, D, 
with a cup-shaped extremity, and containing mercury, was 
suspended in the electrolyte, and the two portions of mercury 
connected by means of platinum wires with a suitable 
galvanometer. A freshly formed fragment of amalgam of the 
metal of known composition, was gently placed upon the 
mercury at A, and ihe time which elapsed before the 
galvanometer needles moved was noted. Before adding the 
amalgam it was ascertained that the needles were at zero, and 
that a slight disturbance of the mercury did not affect them. 
The length of the column of mercury from surface to surface 
was about 1'5 inches. The weight of amalgam added was 5-0 
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grains ; and each amalgam contained -78 grain of metal 
dissolved in 2S grains of mercory. 



The following are the resuUa : — Zinc diffused in 2 houra 
16 minutes; tin, 2 hours SOminntes; lead, 2 hout'S 40 minutes; 
cadmiam, 3 hoars; sodium, 8 hours 50 minutes; and potaasium, 
6 hours 46 minutes. The rapidity of diffusion was evidently 
largely affected by the specific gravity of the metal. It is 
manifest from these results that the rates of diffusion of unlike 
metals in mercury are very different ; and this may affect the 
influence of the rate of dilution of metals by mercury upon the 
rate of variation of the mean amount of electromotive force of 
their amalgams. 

Be u ARES ON Section D. 
The chief conclusions to be drawn from the results of the 
experiments of this section are similar to those of SeccioD 0, 
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and need not be repeated ; and nearly all the remaika made 
on that section are applicable lo this one. 

The effects of dilution of the positive amalgam npon the 
msan amount of electro motive force were substantially the aame 
aa those of liquefaction of the aohd positive metal, but were lesa 
in amount. ThuB, on comparing the percentage amount of gain 
of vuan electromotive force obtained on liquefying 66 grains of 
cadmium by means of 6,644 grains of mercury in Experiment 
No. 153, Table 87, with that obtained by diluting the resulting 
amalgam with 6,040 grains of mercury in the first dilution of 
Table 46, it is found that the effect of ihe former was S'6 times 
greater than that of the laiter, and this agrees with the suc- 
cessively diminishing effects of equal farther additions of 
mercury in Table 46. (See also Tables 66 and 67.) 

Notwithstanding that in 52 out of the 5S cases of dilution 
in Section D, mercury was less electropositive towards platinum 
than the amalgam to which it was added, in no less than 7 cases 
the simple electromotive force was increased, and in 11 it was 
not diminished, whilst in the remaining 86 it was diminished lesa 
than the calculated amount, and the vnean electromotive force 
was increased in 51 out of the total 68 insnances. All the seven 
increases of simple electromotive force were with copper, 
antimony, bismuth, and cadmium in solution of caustic potash. 
There were two cases of loss of mean electromotive force in 63 
experiments of dilution with mercury, but only one in ' 49 
experiments of liquefaction by mercury. The only two cases of 
decrease of mean electromotive force, Nos. 201 and 223, were 
with gold amalgam in water and in solution of potassium 
chloride. All the variable results occurred with the most 
highly electropositive amalgams, especially that of magnesium. 

As in Tables 36, 37, and 39, decreaaes of simpU electro- 
motive force occurred by liquefaction of magnesium, but not in a 
solution of KCl, by means of mercury, so also in Tables 41, 42, 
and 44, similar decreases occurred with that metal by dilution 
of Its amalgam, excepting in the electrolyte mentioned, 

The effects of diluting the positive amalgam are usually 
more simple than those of diluting the electroljie. because the 
latter affects the electromotive forces at both electrodes. 

Google 
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The amalgam in Experiment 254 ijuickly became covered 
with a film. N.B. — The losses of mean electromotive force of 
the cm^rent are equal to gaim of electromotive fotce at the 
negative plate. 

In each of these tea cases the effect was comparatively 
smail, nearly all the effects were losses, and the largest gain was 
4*53 per cent. ; the exceptional instances were with gold 
amalgam, the same as in Experiments 170, 201, and 229 
of liquefaction and dilution of the positive metal. If we 
compare these results obtained with copper as a negative metal 
witli those yielded by It as a positive one in the same liquids in 
Experiments 149, 168. 169, 179, and 183, and in 200, 211, 222, 
232, and 284, we find that whilst they were all large gains with 
it as a positive metal they were all small losses with it as a 
negative one. (See Tables 56 and 67.) All these results agree 
wiih the fact that the negative metal is not an active canse but 
only a necessary condition (and in the case of polarisation a 
hindrance) of the voltaic carrent. 

Table 66. — Ou as PotUive Metal. 





By Liquefaction. 


1 By Dilution 




In Watei 


Expt. 142. Gain 


188'2 


Expt.193. Gain 


1313 


In HCl 


., 161. Gam 


89-1 


„ 204, Gam 


46- 17 


In KCl 


„ 162. Gain 


62-8 


„ 216. Gain 


42-4 


In KHO 


„ 172. Gain- 


4a2'7 


„ 225. Gain- 


-987-1 


In KHO 


„ 176. Gainl24480 


„ 227. Gain 


1100-0 




Table 57.-6% 


at Negative Metal. 






By Liquefftctiou. 


1 By Dilutioa 




In Water 


Espt. 237. Lobs 


■66 Espt. 250. Loss 


■047 


In HCI 


.. 288, Loss 


12'20 „ 262. Loss 


10-16 


In KCl 


„ 239. Loss 


6-88 „ 253. Loss 


4-57 


In KHO 


„ 240. Loss 


6-59 „ 264. Loss 


8-76 



In both' these groaps of cases the effect of the dilntioa 
was to increase the degree of freedom of molecular motion of 
the copper, and therefore to make it more positive as a positive 
metal and less negative as a negative one. The effect of 
liquefaction was in all these cases greater than-that of dilution. 

Both by the influence of liquefaction and by that of 
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dilation of the negative metal, the mean amonot of direct 
electromotive force was most dimiDished in dilute hydrocliloric 
acid and least in water, and greatest in that liquid which had 
most chemical action upon the copper. 

KeUARKS on SECtlOK E. 

All the results of this section confirm the conclusion that 
both liquefaction and dilution of the negative metal, by 
enlarging the freedom of motion of ita molecules, augments the 
chemical action of the liquid npon it, and simultaneousl; in- 
creases its electropositive and decreases its electronegative state, 
produces counter electromotive force, and consequently Usietu 
the mean amount of direct electromotive force and current. 

Sbction F. 
Infldbnce or DiLnTrao one Solid Mbtal by ubavs of anoibeb. 

In order to ascertain whether the dilution of a solid metal 
by another affected the mmn amount of electromotive force, I 
made a aeries of alloys and measui-ed their electromotive forces, 
and that of their constituent metals, with a negative plate of 
platinum in dilute hydrochloric acid containing one equivalent 
of HCl in grains in 1,800 grains of water. Care was taken to 
employ pure metala, to mix the alloys thoroughly without much 
oxidation, and to prevent liquation of the metals. The alloy 
which constitutes the middle term* of the series in Tables 68 and 
69 was composed of equivalent proportions of the two constitu- 
ents. The following are the results of the measurements ; — 
Table 58. — Ziw + Bismuth in dilute HOI. 



No.Qf 


Parte of 


Fan>. of 




Calcnlmed C 


bauge of 


B-pt. 


Zn. 

82'5 


Bi. 


B.M,F. 
r4702 


B.M.F. Mb 


anB.M.F. Percent. 


255. 


82-6 


14 


1-3844 


1-1851 Ga 


m 1993 = 16-8 


266. 


32'5 


28 


1-3415 


1-0319 


, -3096 = 800 


257. 


826 


42 


1-2728 


■9864 


, -8864 = 35-9 


258. 


82-5 


56 


1-2271 


■8710 


, -SSei = 40>9 


269. 


82-5 


70* 


1-1699 


-8286 


, -3464 = 42-9 


260. 


26- 


70' 


1-1013 


-7797 


, -3816 = 48-9 


261. 


19-5 


70- 


11666 


■7296 


, -4260 = 58-4 


262. 


180 


70- 


11498 


■6716 


, -4782 = 71-2 


263. 


6-5 


70- 
70- 


11418 
■6238 


■6087 


, -6376 = 890 
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As the whole of the ofaanges of mean electromotive force 
were gains, there was probably no chemical union between the 
two metals ; all the alloys behaved like sine simply dilnted, 
and thus showed that dilation or simple increase of volnme 
increased the mean electromotive force of metals even in the 
solid state. I'he chief difference between dilution of zinc by 
means of bismuth and by means of mercury appears to be that 
the latter produces greater effects owing to its liquefying the 
metal and thus imparting gi'eater freedom of molecular motion. 
(See Experiment 157.) The increases of gain in the above 
table were irregular in amoant. 





Table 69. 


—Zinc + 


Tin in dilute HCl. 




No. of 


Parts of 


Parts of 




Calculated 


Chango of 




Eipt. 


Zu. 
66 


Sn. 


E. M, F. 
1-4702 


E.M.F. 


MeanE.M.F 


Per oent. 


264. 


66 


28-6 


1-2900 


1-2940 


Loss -004 


= -8 


266. 


66 


47-2 


1 2356 


1-1919 


Gain -0487 


= 8-67 


266. 


66 


70-8 


1-1842 


1^1254 


„ ■oess 


= 5-ai 


267. 


66 


94-4 


1-1556 


10786 




, -0770 


= 7-18 


268. 


66 


1180* 


1-1270 


1-0489 




, -0831 


= 7-96 


269. 


62 


118-0 


1-0841 


-9064 




, -1780 


= 19-63 


270. 


89 


118'0 


1-0269 


-8882 




, -1887 


= 16-61 


271. 


26 


IIS'O 


■9268 


-8665 




, -0603 


= 6-96 


272. 


18 


IIS'O 


■8410 


■8409 




, ■OOOl 


= -01 






118-0 


■8094 









* ZnSn. 
Nearly all the effects in this series were gains of mean 
electromotive force, and showed that dilation increased the 
electromotive force of the substance diluted, even when the 
substance remained in ihe solid state. The changes showed 
very little evidence of chemical union between the two metals, 
and if there was any it was very feeble, and was almost entirety 
disguised by the greater influence of dilution. The effects were 
less simple than those produced by solution and dilution of 
either metal by means of mercury, probably in consequence of 
the usually greater molecular complexity of metals in the solid 
than in the liquid state. The alloys behaved neither like zinc 
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alone nor like tin alone; the addition of zinc diluted the tin, 
and tliat of tin dilated the zinc. Zinc having nearly double 
the electromotive force of tin, its addition as a dilaent to tin 
increaaed the nuan electromotive force more rapidly than the 
addition of tin to zinc, and the maximum gain of mean 
electromotive force was tlierefore not with equivalent propor- 
tions of the two metals, but with I'O equivalent of zinc added 
to 1'2 equivalent of tin. The simple electromotive force of the 
mixtures varied throngbont the series directly ae the proportion 
of zinc and inversely as that of tin, and did not as completely 
show the pheiiomena which occurred as the changes of meatt 
electromotive force. 

It is necessary in cases of dilution of alloys to select, if 
possible, a pair of metala in which the effect is not disgnised by 
that of chemical union, and in which each metal of the pair 
dissolves freely in the other. 



Tab 


LB 60.- 


-7 


m + 


Jopper in diliUi HCl. 




No. of 


PartB oi 


Partaof 




Calculated 


Change of 


Eipt. 


Bn. 


Cn. 


E.M.P, 


E. M. P. 


MeanE. M. P. Pacoent. 




118- 






8066 






278. 


59- 


684 




7208 


■6146 


Gain 1068 = 17^81 


274. 


89-8 


68-4 




5063 


■5776 


Loss ^0718 = 12-8 


275. 


82-2 


68-4 




4848 


■5600 


„ 1262 = 223 


276. 


29' 6 


68-4 




4848 


■5526 


„ 1178 = 21-8 


277. 


23-6 


68-4 




4348 


'5810 


,. 0962 = 181 






68-4 


■4347 






Experiment 278=Cn'8n; 


274 = Cu'8n ; 275=au»8n' ; 


276=0 


u*Sn; 


md 27' 


= 


Cu'Sn. 







Both the simple and the calculated electromotive forces 
varied directly as the proportion of the more positive metal 
tin ; but the fact of large losses of mean electromotive force 
occurring, indicated a considerable degree of chemical union 
between the two metals. 
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Table 61. — Aluminium Bronze in dUuteHCl. 
This alloy contained " 5 per cent, of aluminium," and gave 
the following effects : — 



No. of 






Cilonliited 


ChBDgaot 




Bxpt. 


Al. 


1-1297 






Pet oeut. 


278. 


Al bronze. 
Co. 


■4875 
■4847 


■4694 


Loss -0319 


= 6-78 



Tiie loss of mean electromotive force indicates that the 
alio; is a chemical compound. 

Detercainatione of the amount of simple electromotive force 
only, yielded by various alloys of copper and line when used 
as the positive plate of a voltaic cell, have been made by A. P. 
Lanrie (Jonr. Chem. Soc, 1886, vol. liii., p. 104), and are given 
in the three first columns of Table 62 ; and I have calcnlated 
from the given numbers, the mean electromotive forces and per- 
centage changes of such force of the zinc and copper in the 
alloys as follows : — 

Table 62. — Copper -\- Zinc as a Positive Piatt, 







Cb 


lonUted 








Parbaof 


Parta of 


E.M.F. in 


Mean 


Chtiuee of 




ZiDO. 


Copper. 


VoltB I 


..M.F. 


Mean B.M.F. 


Per ceot. 




100^ 


-020 










25' 


75- 


-020 


1350 


Lobs 


1870 


= 101-4 


44-6 


55-i 


+ ■040 


2566 


Loss 


2160 


= 84-8 


49-6 


50^6 


■070 


2860 


Loss 


2160 


= 75-6 


50-7 


498 


■070 


2946 


Loss 


2246 


= 76^1 


52-8 


47^2 


■076 


3070 


Loss 


232 


= 75-5 


6S-9 


46' 1 


■065 


3142 


Loss 


249 


= 79'3 


66-1 


48-9 


■070 


8279 


Loss 


257 


= 7fr3 


68-8 


41-7 


■080 


8407 


Loss 


260 


= 76-4 


680 


37 


■085 


8700 


Loss 


286 


= 77 


68-5 


865 


■085 


8737 


Loss 


268 


= 77-0 


641 


85'9 


■160 


3775 


Loss 


216 


= 67-5 


66-2* 


38-8 


■680 


8906 


Gain 


140 


- 86-9 


66-8 


33-2 


■520 


8942 


Gain 


126 


= 320 


681 


319 


■540 


4022 


Gain 


188 


= 34-8 


69-7 


808 


■570 


4122 


Gain 


158 


= 38-8 


770 


28'G 


■600 


4574 


Gain 


148 


= 81-8 


88-6 


164 


■680 


4983 


Gain 


081 


= 162 


87-6 


124 


690 


5281 


Gain- 


067 


= ' 12-8 


96-5 


86 


■590 


5788 


Gain 


081 


- 5-8 


100- 




■600 
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According to these numbers — First, the foFmntiou of any 
ttUoy of zinc and copper was attended by a cbange, either a loss 
pr gain, of mean electromotive force of the two metais. Second, 
in forming any snoh alloy containing more than 84' per cent, of 
copper, the act of- mixing the two metals was attended b; a, lots 
of mean amount of electromotive force, and the alloy therefore 
contained a chemical compound ; the first added quantity of zinc 
produced the largest percentage of loss, and therefore united 
with the greatest degree of chemical energy with the copper. 
Third, in forming any sucli alloy containing Uss than 84' per 
cent, of copper, the mixture of the metals was attended by a 
gain of mean electromotive foroe, showing that one metal ' 
diluted the other ; and as the mean of that force increased with 
the increase of copper, that metal diluted the more positive one 
zinc. Fourth, by increasing the proportion of copper above S4- 
per cent., a sudden change occurred attended by a large loss of 
electromotive force and a considerable degree of chemical anion ; 
and by further increase of copper to 75' per cent, the percentage 
of loss of mean electromotive force augmented largely but 
irregularly; and, Fifth, dilution of zinc by copper operated 
probably not only in all the alloys containing less than 34' per 
cent, of copper, but probably in some of those which contained 
more, and in which its action was disguised by the greater 
influence of chemical union. 

In such cases as this, as in all others in this research, it is 
necessary to ascertain not only the changes oimnple electromotive 
foroe of the mixtures, but also those of mean electromotive force; 
first, because each of the substances takes part in the action ; 
and second, because the phenomena can then be more completely 
explained than if the nmpU electromotive force only is deter- 
mined. For additional cases of probable chemical union ol 
potassium, sodium, and magnesium with mercury, see Tables 
16, 20, 21, 86, 87, 88. 89, 41, 42. 43 and 44. In some casesa 
chemical alloy is first formed and then dissolves in the excess 
of the diluting metal. 
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I did not consider it necess&ry to make a series of experi- 
ments with alloys as -negative metals, 

RbljITioh op Volt&-Elsotrouotivb E^osoe to Equivalent 
Volumes of Elehentart Subbtanoeh. ' 

The general truth, tbat increase of Tolta-electromotive 
force and chemical energy of substances by dilution is due 
to increase of equivalent volume, is not limited to cases 
of liquefaction of metals, dilution of amalgams and electro- 
lytes, and of solid metaU by each other, but is of a much 
more fundamental and extensive character. The following 
examples show that in a very large proportion of cases, though 
not manifestly in all, those elementary substances, both metals 
and metalloids, which exhibit the greatest electromotive force 
and ohemicoeleotrio energy, are those which contain the 
smallest number of equivalent weights pei volume; and the 
less energetic ones are those of small equivalent volume (other 
investigators have observed this circumstance). The following 
list includes nearly all the most common of those substances. 
The equivalent volumes were obtained by dividing the equi- 
valent weights by the specific gravities. 
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Tablk 6S.—EqmmU7U Volmies of Elementary Suhtlances. 


Uetol. . 
Caesium .. 
Rnbidinm 
Potassium 
Sodium 
Lithium .. 
Thallium.. 
Silver 


Valency 

I.' 
I. 
I. 
I. 
I. 
I. 


Atomic 
Weight. 
1829 

eS'S 

891 
2805 
702 
20418 
107-92 


Eqnival'Q 
'SeiRht. 
132-9 
65-6 
891 
28'05 
7-02 
204-18 
107-92 


Specific 

Gravity. 

Solid 1-88 

1-62 

■87 

■978 

■69 

,, 11-85 

,. 10-53 


Equival'nt 
Volame. 
70-69 
56-26 
44-95 
23-56 
11-9 
1722 
10-25 


Barium .. 

Strontium 
Cftloiiim .. 


II. 
II. 
II. 


1870 

87 '6 
400 


68-6 
43-6 
20-0 


„ 8-75 

2-54 
„ 1-57 


18-266 
17-244 
12-74 


Lead 


II. 
II. 


206-95 
1190 


103-47 
69-5 


,. 11-87 
„ 7-29 


9-10 






Magnesium 


II. 
II. 
11. 


24-8 
668 
112 


1215 
32-66 
660 


„ 1-74 
„ 7-16 
„ 8-6 


6-98 


Cadmium 


6-51 


Manganese 

Cobalt 


II. 

u. 
n. 

II. 


56- 

69' 

se- 
es '7 


27-5 
29-6 
28-0 
29-86 


,. 8-0 
., 8-6 
„ 7-86 
„ 8-9 


8-438 
848 


Nickel 


8-298 


Aluminium 
Chromium 


III. 
III. 


270 
62 1 


9-0 
17-87 


„ 2-6 
„ 6-5 


3-46 
2-67 


Palladium 
Iridium ... 

sr 


II. 
II. 
II. 
III. 
III. 

IV. 


106- 

i9ai 

68-4 
197-8 
108-5 
i960 


58-8 
96-66 
31-7 
65-77 
84-6 
48-75 


„ 11-4 
„ 21-15 
„ 8-92 
„ 19-32 
,, 1210 
., 21-5 


4-67 
4-56 
3-56 


Rhodium . . . 
Platinum . . . 


2-86 
2267 


Silicon 

Boron 

Carbon 


IV, 

III. 

IV. 


26-4 
110 
12-0 


71 
8-66 
3-0 


„ 2-39 
., 2-5 
„ 2-3 


2 97 
1-466 
1-80 


Bismuth ... 
Antimony 
Arsenic . . 
PhoEpborns 


III. 
III. 
III. 
III. 


208-9 
120-0 
76-0 
810 


69-63 
4000 
2600 
iO-88 


„ 9-8 
,. 6-71 
„ 673 
., 1-83 


7-106 
5-96 
4-368 
6-648 


Tellurium 
Selenium... 

Sulphur ... 


II. 
11. 
II. 


126-0 
790 
82-06 


62-6 
89-9 
1603 


„ 6-40 
.. 4-60 
„ 207 


9-76 

8-866 
7-74 


Iodine 

Bromine ... 
Chlorine ... 


I. 
I. 
I. 


126-86 
79-96 
85-46 


126-85 
79-95 
86-46 


Liquid 4-004 
„ 816 
„ 1-88 


81-68 
26-88 
26;66 
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The numbers in this table are oonBistent with the results 
in Tables 58 and 59, showing that when the molecules of a 
solid metat are further asunder the metal has greater electro- 
motive force. 

By previous measurements (Experiments 150, 160, 170, 
180, 201, 213, 223, 238. 249, 2511, I have shown that the 
smallest increase of mean amount of electromotive force by 
dilution of metals was often with gold, which is one of the 
metals having the smallest equivalent volume ; and nearly all 
the instances in the above table, and in the previous ones, 
support the conclusion that those metals and metalloids which 
have large equivalent volumes are those which excite great 
electromotive force and chemical energy when in mercurial or in 
aqueous solution, but silver is an apparent exception; the latter . 
circumstance, and the small amounts of diETerence between the 
equivalent volumes of chlorine, bromine, and iodine, together 
with other minor irregularities, suggest that some additional 
circumstance besides equivalent volume (probably the relative 
directions of molecular, motion of the two united substances), 
affects the results. The greatest increases also of mean electro- 
motive force by dilution of electrolytes were with the halogens, 
and in cases of dilution of metals, with potassium and sodium, 
both those groups of substances having targe equivalent volumes. 
The small electromotive forces of carbon, boron, sihcon, and the 
heavy metals, indicate condensed molecular groups in the 
interior of tliose substances ; and the coincidence of small 
equivalent volume and electromotive force of those bodies, with 
that of small electromotive force of neutral saline electrolytes, 
suggests the idea that botli are due to the same fundamental 
cause, viz., smaller molecular freedom and velocity, and that 
a more intimate degree of union exists between the atoms or 
molecules of the heavy metals, etc., than between those of 
the halogens or of the light metals, and that this degree is 
usually larger in proportion as the electromotive forces and 
equivalent volumes of the substances are less. The same 
general truth of increase of energy with increase of volume. 
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probably inolndes the well known facta that Eabatancea usually 
liave greater chemical energy in the gaseoua state than in the 
liquid one, and in eome oaBes when they occupy a larger space 
by rise of temperature. The resnlts of Experiment 2 (where 
the volume of diluted bromine was 176'4 times larger than that 
required by dense bromine vapour), when compared with those 
of Espt. 4, show that by decreasing the volume occupied by 
the bromine to one 800th part, notwithstanding the number of 
molecules in contact with the positive metal was neatly 300 
times greater, tlie mean electromotive force was only increased 
from 1'127 to 1'80 or 2-S6 per cent. 

As volta- electromotive force is Lhus related to the equivalent 
volumes of elementary substances, it is also necessarily connected 
with the atomic and molecular volumes and weights of those 
bodies ; and as the specific heats of the elements are related to 
their atomic weights, and the latter are connected through the 
equivalent weights and volumes with their electromotive forces, 
their specific heats must also be related to those forces ; these 
relations also necessitate a connection between volta- electro - 
moLive force and the periodic law. 

Infiueme of Atomic Weight upon Change of Mean Atnowit of 
Electroinotwe Force by Dilution. 
The relation of change of mean electromotive force by 
dilution to the atomic and molecular weights of the substances 
employed, is evidently less simple than to their volumes and 
molecular distances. With the chlorides of potassium, sodium, 
and liLhium, and of barium, strontium, and calcium (Table 8), 
with the positive metals magnesium, zinc, and cadmium (Table 
' 20), and with the diluted amalgams of those three metals 
(Table ii), the magnitudes of the changes of i/iean electromotive 
force varied directly aa those of the atomic and molecular weights.' 
But with solutions of chlorine, bromine, and iodine (Table 1), 
of their acids (Table 5), and of theii potassium salts (Tables 8 
and 9) ; with magnesium, zinc, and cadmium, as positive metals 
in water (Table 86), in dilute hydrochloric acid (Table 37), and 
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solution of potassium chloride (Table 38), and with the 
sulphates of those metale (Table 8), the variation of mean 
electromotive force was inversely as those weights. In some 
oasea the relations of those two series of magnitudes were 
reversed on sabstitutiug a silver negative plate for a platinum 
one. (See Tables 10, 11, 20, and 21.) It is probable that alt 
these opposite effects were due to the same cause acting under 
different oonditione. For additional data on this part of the 
subject, see " A Method of Measuring Loss of Energy due to 
Chemical Union, etc." (Phil. Mag., January, 1892, p. 28.) 

Relation of Volta-Electromotiee Force to Heat. 
This branch of the subject I have not experimentally 
examined (see p. 83). It is well known that each 80,000 
centigrade gramme units of chemical heat produced at the 
positive plate of a voltaic cell equal one volt of electromotive 
force; in some cases, however, a portion of this heat does not 
appear to be attended by voltaic current. (See " Experimental 
Verification of the Eeciprocal of Faraday's Law of Definite 
Electrochemical Action," by M, B. Renault. Ann. de Ghem. 
et de Phys., 1867, p. 137; and ■' Some Relations of Chemical 
Corrosion to Voltaic Current," Proc, Eoy. 3oc., 1884, vol. xxxvi., 
p. 881.) It has also been shown that the liquefaction of an 
alloy by heat is accompanied in some cases by a large and 
sudden increase of volta- electromotive force (" Changes of 
Voltaic Energy of Alloys during Fusion," Phil. Mag., July. 1891, 
p. 27) ; but this may be chiefly attributed to increased freedom of 
molecular motion. And it is further well known that " most 
salts, hydrated or anhydrous, dissolve in water with absorption 
of heat," and " those which absorb heat on solution, do also on 
dilution" (Watts's Dictionary of Chemistry, 8 rd Supplement, 
p. 990), and this agrees with their increase of electromotive 
force by dilution, but there are many exceptions to this state- 
ment if it is applied to all other electrolytes. It is also probable 
that die enlargement of volume of metals and electrolytes by 
rise of temperature is attended by increase of electromotive 
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force, but in such cases it ia disgaised by simultaneous mcreasea 
of molecular activity of a less simple kind produced by the heat. 
In a case of pure dilution there is no chemical chaikge, and but 
little alteration of total volume of the two sabatancea, and the 
molecules are probably simply separated farther asunder by 
the diluent, bnt the effect of heat appears to be usually less 
simple than this, and in many cases is attended by chemical 
change, and probably alters the relative directions of the mole- 
otUar movements. Notwithstanding most strong acida and 
alkalies evolve beat by dilution, they increase in electromotive 
force. The changes of electromotive force are, no doubt, 
intimately connected with those of latent heat, and every sudden 
change of snch force and of molecular distance by dilution is 
probably attended by disturbance of the ether and by radiation 
of energy, 

Jnftuenee of Contraction oj Total Volume during Mixing. 

We know that during the chemical union of solid or liquid 
substances, a small amount of contraction of volume usually 
occui-8, and that the volume of the product is usually a little 
less than that of the united volumes of its constituenta ; and 
similarly "when an aqueous solution is mixed with water, con- 
traction takes place, i.e., the volume of the solution is less than 
the sum of the volumes of the constituent liquids" {Watts's 
Dictionary of Chemistry, 2nd Supplement, p. 600). Favreand 
Valson found on dissolving au equivalent weight in grammes of 
an anhydrous salt in 1,000 grammes of water, that oat of 38 
salts 30 gave a small contraction of total volume, but a larger 
volume than that of tbe water alone ; the 3 halogen salts of 
ammonia gave a small total expansion (tMd., 8rd Supplement, 
part ii., p. 984) ; other investigators have obtained similar results. 
(See " Changes of Electromotive Force, Volume, and Tempera- 
ture by Mixing Electrolytes," Proe. Birm. Phil. Soc, vol. viii., 
p. 28.) In the present research the effects of sach contractions 
were so small in comparison with those of the enlargements of 
e by dilution ihat they were not observed, and the chloride 
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and bromide of ammonium gave the ueaal increases of electro- 
motive force by dilution. Great chemical changes and altera- 
tions of internal stmoture of bodies often occur without much 
alteration of volume ; alterations of total volume, therefore, 
afford much lees information respecting the internal nature of 
substances than the changes of mean electromotive force. 



Infltienes of the Preimce of Hydrates in Solution. 

Th f How ng m as m nts w e made with a cadmium 
nlatr num pi of the n n 1 t m t ve forces of a series of 
m xt f on nt at 1 ulph a d and water, to ascertain 

wb le t1 e se nd anl th d hyd ates of that acid, viz., 
HBO, HO, and H SO , 2H 0, existed in solution. All the 
mixtures were at about a temperature of 14°C. The two 
hydrates are indicated by asterisks. 

Table 6i.— Solution of H'SO\ 













Simple 


Mean 


Change of Per 


Electrolyte. 


E,M-F. 


E.M.F. 


MeaaE.M.F. cent. 


H'SO* 


] 2790 






6ff80'+ 8H'0 


1'2790 


1-2435 


Gain -0866 = 285 


6H'S0*+ 4ffO 


1'2647 


1-2336 


„ -oaii = 2-5a 


6H"S0'+ 6H'0 


1-2589 


12220 


„ -0309 = 8-01 


6ffS0'+ 6H'0* 


1-2398 


1-2124 


„ -0274 = 2-25 


6H'S0'+ 7H'0 


l'a803 


1-2080 


„ -0278 = 2-26 


6H>S0*+ 9H'0 


l'224e 


11863 


„ -0383 = 3-22 


6ffS0*+llH'0 


1-2218 


11270 


„ -0948 = 8-41 


6H'80*+12H'O* 


1-2189 


1-1642 


„ -0547 = 4-7 


6H'SO'+15H»0 


1-2103 


1-1441 


„ -0662 = 5-77 


H'O 


-65 







The electromotive forces were not variable. 

Except in the case of the mixtare H'80'+H'0, where a 
slight diminution of gain of mean electromotive force occurred, 
the results showed no signs of the two hydrates of sulphuric 
acid existing as such whilst in solution ; probably they begin to 
form only at temperatures approaching that of iheir separation 
in the solid state. 
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SniiMiBY OP Results and Conolusions. 

By adding together the whole of the percentage gaiua 
of mean electromotive force, their magnitudes likewise, and of 
the losses similarly, the proportion of gains to bases was aboat 
100 to 16-4; of average magnitudes about 101 to 1 ; and of total 
values about 616 to 1 ; the " losses " were probably in every 
case only apparent, dependent upon the kind of positive and 
negative metal and electrolyte, and in nearly all such cases the 
diluted solution had a smaller simple electromotive force than 
the diluent. 

The amount of effect of liquefaction and dilution upon the 
mean electromotive force varied chiefly with the kind of positive 
metal, the kind of negative one, and the kind of electrolyte, and 
to a less extent with the kind of solvent and diluent, and the 
temperature and viscosity of the solution. Other experiments 
have shown that the effects are influenced by the rate of 
diffusion of the dissolved active substance in its solvent. (See 
p. 112.) None of these circumstances, however, are the active or 
essential cause of electromotive force. Sea., but only the 
conditions which enable it to occur, and which hmit its 
amount. The greater gain of mean electromotive force by 
dilution of metals with mercury, than of acids, £c., with water, 
(compare Sections C and D with A. and B), was probably due to 
the former being elementary substances whilst the latter were 
compounds, and had lost much of their energy by previous 
chemical union. 

The chief general conclusions to be drawn from this 



1st. — Liquefying either the electropositive or the electro- 
negative metal of a voltaic cell by means of mercury, 
dilating either of tliese amalgams with mercury, diluting the 
electronegative ingredient of ihe electrolyte by means of water 
or alcohol, or diluting or separating farther apart the mole- 
cules of the solid positive metal by means of another solid 
metal, increased the electromotive force and chemical energy of 
the substance diluted and consequently also the m^an electro- 
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motive force of tliat Babatanoe and of its dilaent, provided that 
ID all cases uo chemical unioa ooourred between the two 
substances. Or, more briefly, and including the evidence 
supplied by the elementary sabstanoes (p. 123), any aircumttance 
which teparated ike moleeuUs of a metal or electrolyte farthef 
atvndei- without produetJtg ehemieal change usually inmeaied the 
electromotive force of the substance, and the amount of such increase 
varied wUh each different substance, 

2nd. — The more strongly united chemically the electro- 
positive and electronegative constituents of an electrolyte or the 
two metals of an alloy were to each other, the less usually was 
the electromotive force of the dilated substance. Dilution when 
attended by chemical nnion of the diluted and diluting 
substances, decreased tlio mean amount of power of the two 
bodies to excite electromotive force when used as an electrolyte 
or as an alloy in a voltaic cell, because they had by such union 
already lost some of theii' energy. (See also Phil. Mag., Jan., 
1892, p. 28.) 

8rd. — The stronger the electromotive force and chemical 
energy of a substance, the greater naaally was its increase of 
electromotive force on liquefaction or dilution. The gains were 
usually greater with halogens than with acida, with acids than 
with salts, with base metals than with noble ones, and with 
alkali metals than with either, and larger with simple alloys 
than with chemically combined ones as the positive metal. 

4th. — Yai'ious experiments made to test the effects of a 
setiei of dilutions of an electrolyte with water (Tables 3 and 4), 
of an amalgam with mercury (Tables 46 and 47), and of one 
solid metal by another (Tables 68 and 69), upon the mean 
amoimt of electromotive force of the two substances, and 
therefore npon the actual electromotive force of the diluted 
one, showed that the latter varied directly, and, in some casea 
at least, proportionately, eis the degree of dilution. 

6th. — By liquefying or diluting the positive metal by means 
of mercury, or diluting it by means of a solid metal, the 
electromotive force of the positive metal and of the direct 
cuiTeut were increased. 
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6tb. — By liquefying or diluting the negatiye metal by means 
of mercury, the poaitive electromotive force of the negative 
metal, and the electromotive force of the inverse or polarieation 
current were increased. 

7th, — By diluting the negative ingredient of the electro- 
lyte at the poaitive plate by means of water, the electromotive 
force of that ingredient and of the direct carrent, and the 
mean of that of the substance and its diluent were increased. 

8th. — By diluting the disBolved electronegative ingredient 
at the negative plate similarly, the electromotive force of that 
substance and of the inverse current, and the tnsan of that of 
the substance and its diluent, were increased. 

9ch. — By diluting the electrolyte at both plates by means 
of water or alcohol, the electromotive forces, both of the direct 
and inverse currents, were increased ; the effects of diluting the 
electrolyte, therefore, were usually less simple than those of 
diluting either of the metals. 

10th, — If by diluting the negative ingredient of the electro- 
lyte, the electromotive force of that substance at the positive 
plate was increased more than at the negative one, that of the 
direct current was increased ; but if the reverse it was 
decreased; this circttmstance explains nearly all the "losses." 

11th. — The effect of diluting either the amalgam, or metal, 
or the electrolyte at the negative electrode was usually much 
less than that at the positive one, because of the frequently 
smaller electromotive force and degree of chemical energy of the 
negative metal ; that metal like the positive one being relatively 
positive towards the negative ingredient of the electrolyte, but 
to a much less extent. 

12th. — The degree of electromotive force of the actual 
current obtained varied directly as the amount of difftrtnee of 
energy of the opposing molecular motions and electromotive 
forces at the positive and negative plates. 

13th. — Liquefaction and dilution acted largely like a 
vacuum ; by enlarging the distance between the molecules, it 
increased probably all the properties which depend upon this, 
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BDoh as the electromotive force, degree of chemical enei^, 
amount of chemical heal, &c. The opposite molecular motions 
of the metal and electrolyte, appear to be parti; converted into 
purely chemical action and heat, and partly into Toltaic action 
and onrrent, and the proportions so converted seem to differ in 
every different case. (Ann. de Chem. et de Phys., 1867, p. 187, 
M. B. Renault ; and Proc. Roy. Soc, 1884, vol. sxxvi., p. 831.) 
Accordmg to these conclusions, chemical action and electro- 
motive force are coincident effects of molecular motion, and 
the former is not a cause bub only & coincident phenomeDon 
of voltaic current ; it is well known tliat by various methods> 
electromotive force and electric current can be produced without 
chemical action, and chemical union can occur without pro- 
ducing electric current. 

14th. — A rise of temperature of the electrolyte from 16° to 
80°C. had but little effect upon the amount of increase of nt^an 
electromotive force by dilution. (See p. 88.) If, however, the 
temperature was sufficient to liquefy the positive metal, a sudden 
increase of electromotive force due to greater freedom of 
molecular motion occurred at the period of liquefaction. (See ' 
Phil. Mag.. July, 1891, p. 29.) By dilution, the volume which 
a dissolved substance occupies in a liquid may be caused to 
increase unlit it is much larger than that normally filled by its 
vapour (see Expt. 2 and note), whilst the range of expansion of a 
liquid by temperatnre is comparatively small. Temperature 
also appears to act in a very different manner from dilution, and _ 
we know it often promotes chemical union. 

ISth.^The effects of using different kinds of solventB or 
diluents, such as water, alcohol, mercury, or even solid metals, 
as a means of separating farther asunder the molecules of 
the active substance, were substantially the same. 

16th. — As pure dilution, either of the metal or of the 
electronegative constituent of the electrolyte, increased the mean 
electromotive force and energy of chemical union of both, 
the magnitude of the effect of dilution was not entirely limited 
by the weakest of the two substances. 
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I7tli. — With some diluted soluciona, ihe simple eleetio- 
motive forces of which were less than that of water, Buch 
as tlioee of alkaline salts and ^llialies (see Tables 10 and 12), 
there was usually a "loss" of mean electromotive force during 
dilution, nnlese suitable metals were employed. The cases of 
"loss," however, as much prove the chief general conclusion as 
those of "gain," because they were often due to the same kind 
of action at the negative metal as that at the positive one, 

18th. — The percentage magnitudes of gain and loss of mean 
electromotive force may be arranged as a continuous gradation 
order, with the largest gain by dilution at one end and the 
greatest loss by chemical union at the other, thus forming a new 
kind of voltaic series, but of a much more fundamental and 
comprehensive character. (See Phil. Mag., January, 1892, 
p. 28.) 

And 19th. — Ab the method of measuring the mean electro- 
motive forces of substances in a small voltaic cell enables us to 
examine to some extent the internal arrangement of the molecules 
of metals and electrolytes, it may be conveniently employed for 
distinguishing between chemical compounds and mechanical 
mixtures, and for ascertaining the relative degrees of intimacy 
of chemical union and of molecular freedom of metals, alloys, 
amalgams, metallic mixtures (see pp. 117-121), and of electro- 
lytes generally ; it also possesses a great degree of delicacy and 
is easy of performance. 

~ Qbnbral Bemabks. 

The general truth that any circumstance which separates 
the molecules of a substance further asunder without producing 
chemical change usually increases the electromotive force of the 
substance, evidently includes gases ; for we know that when a 
gas or vapour is forcibly rarefied by exhaustion, the residuary 
portion of it is chilled, absorbs heat, and the remainiug 
molecules therefore must possess greater freedom am 
of motion than they did previous to rarefaction. Ti 
ment agiies with the well-known fact that oxygi 
expanded by rarefaction, or when diluted by nitrogen 
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gas), unites more energetically with phosphoruB, notwitbBtaud- 
ing the diluting effect of the nitrogen ; and it is probable that 
if sacli oaBes of chemical union could be examined in a similar 
manner to the foregoing ones of voltaic action, i.e., if the 
degree of chemical energy of each of the enbstanoes was 
measured, and the mean calculated, the actual chemical energy 
oi union of the Bubatances would be similarly found to increase 
by dilution and rarefaction. Further, in a special experiment, 
I found by dissolving one volume of bromine vapour in one 
volume of water, and diluting the solution to 1,000 volumes, a 
gain of mean electromotive force of 218 per cent., with a 
Zn+Fli couple. (See also Experiment 2 and note.) 

The probable reasons why so extensive a generalisation as 
that of universal increase of volta- electromotive force with 
molecular distance has been overlooked are. first, because of its 
being disguised by the circumstance that when a solution of an 
acid or salt is diluted with water, the simple electromotive force 
of the mixture is very often smaller than that of the less diluted 
substance ; and, second, because the mean electromotive force 
has usually not been considered, and no correction has been 
made for the electromotive force of the water. The changes of 
simple electromotive force of the mixturu have been studied, but 
the mean electromotive forces of the irtgrtdient* and the actval 
ones of tlie individual eonstituenti have been largely omitted. 
As out of 108 instances of solutions of electrolytes in Sections 
A and B of this research, 86 gave losses of simple electromotive 
force by dilution ; and out of 105 cases of liquefaction and 
dilution of metals by mercury in Sections G and D, 64 gave losses 
of such force, it is evident that of neither of those classes of 
mixtures would it be correct to say that the simple electromotive 
force " always increases by dilution." (See " The Electromotive 

Note. — This Experiment and Nob. 3 and 4 show that a suitabls 
BubstaDce, such an bromine, m&; occupy, whan dieaolved. a volume lees 
ihan that of iti vapour at 1T°C. and 760 mm. presanre, and may by 
dilution and witliout tlie application ot heat, be oansed to gradually 
expand to aJi indetiiiite extent without undei^oing the ivdden changes ot 
volnme and latent heat due to obaugt) Irom a liquid to a vapoious state. 
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Force of Metallic Salts," Ghemioal News, vol. li., page 292, and 
vol. lii., p. 5,) For cunei representing the variations of aimpio 
electromotive force caused by a series of dilutions of mixtures. 
(See " A New Method and Department of Chemical Research, 
Etc.," Phil. Mag., May-Dec., 1890). 

It miglit be supposed, as dilution of the positive metal or 
of the electrolyte diminishes the number of molecules of each 
of those eubstances which at any given moment strike each 
other per unit of surface, that this would dimmish the actual 
electromotive force of the diluted snbstance ; but it was found 
thai, although by diluting a solution of bromine to nearly 300 
times its bulk, the simple electromotive force of the solution 
was decreased from 1-98 to I'61 volt, (see Experiments 2 aud i), 
the mean of that of the bromine and water was augmented, and 
therefore the actual electromotive force of the bromine alone 
was increased. It is well known that enlarging the positive 
plate of a voltaic cell, and thereby increasing the number of its 
COlUaions with the negative substance, does not much affect its 
electromotive force. It is not the number of molecular 
collisions, therefore, but the velocity of molecular motion, which 
most affects the electromotive force. 

The water of dilution added to an electrolyte affected the 
mean electromotive force in two opposite ways. First, by 
simply diluting a solution of greater energy than itself, it 
usually produced a mixture having less electromotive force than 
. the original one ; and, second, by enlarging the volume aud 
thus permitting greater freedom and velocity of motion, it 
increased the actual electromotive force of the dissolved 
substance and the mean of that of the mixture ; and in many 
cases the simple electromotive force of the mixture was even 
greater after dilution than previous to it. (See pp. 97-113.) As 
no sign of increased electromotive force of the water was 
observed in any case, and as the bulk of the active substance 
to that of the water was small, its dilution eSect in increasing 
the electromotive force of the water must also have been small. 
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Theobbtioal Oohsidbbatiohb. 

The reBuUs in general agree with the view that ia c&aes of 
piire dilution, the moleculea of the active substances are simply 
separated farther apart without: their directions of movement 
being changed or their motions neatralised ; but that in pro- 
portion as the added or diluting substances chemically unite 
with the diluted ones, the directions of moveme::t of the 
molecules of each are altered, the molecules aggregate into 
groups, more or less of their motion is neutralised, heat is 
usually evolved, contraction of total volume frequently occurs, 
freedom of molecular motion, and the mean amount of electro- 
motive force are nearly always largely diminished, and these 
changes, and the coincident ones of other properties which 
simultaneously occur, differ with every different substance. 
The fact that even a neutral salt excites electromotive force 
indicates that during its formation a portion only of the 
molecular motion of each of its ingredients is neutralised. 

A large number of the results of this research, especially 
those of dilution of acids and salts, appear to agree with the 
theory of dissociation, because the most energetic substances 
usually yield (be greatest gains of electromotive force by 
dilution ; but as that theory, in order to include the whole of 
the results, would require not only the dissociation of compound 
substances, but also that of the halogen elements, by simple 
dilution with water, and the whole of the simple metals by 
dilution with mercury and even with solid metals (see Tables 
56 and G9), I have preferred to employ the simple esplanation . 
of increase of volume and of molecular distance and velocity as 
including the cause of increased voUa- electro motive force and 
current. As dissociation is not energy, it cannot he the canse 
of electromotive force or current. 

Nearly all oases of chemical action agree with the theory 
that the molecules of all substances are in a ceaseless state of 
motion, and that chemical union and chemical heat are dae to 
neutralisation of opposite molecular movements of the uniting 
bodies ; similarly, all the results of this research compel na to 
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adopt & mechauical explanation of voltaic action. The circnm- 
etance that an increase of freedom and velocity of molecular 
motion of either of the uniting substances by dilution (see 
pp. 97-105), is itself sufficient to augment the mean electromotive 
force and chemical energy of both, is conspicuously similar to 
the augmented violence of collision and amount of heat evolved 
by two colliding solid bodies when the velocity of only one of 
them is increased. As it is evident that dilution cannot add to 
the mass or weight of the active molecules, it can only add to 
their exciting power by altering their direction or increasing 
their velocity of motion ; and as energy cannot be created, the 
increased velocity is probably due to absorbed heat. The latter 
statement is supported by many well-known facts. In the 
case of strong aoids and alkalies, where heat is evolved and the 
electromotive force simultaneonsly inereaeed by dilution, it is 
probable that a portion of the heat set free by contraction of 
the total volume is reabsorbed to satisfy the increased molecular 
velocity. 

According lo these views the essential cause of voltaic 
action is opposite molecular movements of the positive metal 
and the negative ingredient of the electrolyte ; and the necessary 
condition of conversion of such motion into volta-electromotive 
force and current, and the attendant chemical action, is 
incompatibility of moleculBT motion of the two uniting 
substances ; the existence of electromotive force appears to 
chiefly depend upon relative direction of the molecular motions, 
and its degree upon the velocity of the oppositely moving 
particles, and dilution probably increases the velocity of the 
whole of the molecular motions of a substance, but only a 
portion of those motions is converted into current. Increase of 
volta-electromotive force may therefore be due to iiKiren.Rcd 
velocity of the oppositely moving molecules of the two 
substances. These views are further supported by tl 
known facts that the substances which produce the 
voltaic and chemical energy are usually those elementar 
which possess the most opposite essential properties, a 
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after their chemical union, & portion of energy of chemical 
onion Btill remains. The phenomena, however, are much more 
complex than theae simple ideas indicate ; and each degree 
of electromotive force is probably a result of a concrete 
collection of simultaneoas meohanical impulses of the molecules, 
each having a different amplitude of motion. 
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